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In larvae of the hawkmoth, Manduca sexta, accessory planta retractor (APR) motoneurons undergo a segment-speci®c
pattern of programmed cell death at pupation. APR death is triggered hormonally by the prepupal peak of the ecdysteroid,
20-hydroxyecdysone (20-HE). Previous studies found no evidence that cellular interactions regulate the segmental pattern
of APR death in vivo. To test the hypothesis that 20-HE acts directly on APRs to trigger a cell-autonomous, segment-
speci®c pattern of death, APRs were labeled with the ¯uorescent dyes DiI or DiA, removed from the nervous system before
the prepupal peak, and placed in low-density cell culture. Physiological levels of 20-HE triggered the same segment-speci®c
pattern of APR death in vitro as seen in vivo, both in cultures containing a single APR and in cultures containing two
APRs removed from the same donor animal. The presence or absence of contact with other cells did not in¯uence the
APRs' responses to 20-HE. The death of APRs in culture was characterized by fragmentation or rounding up of the cell
body and fragmentation of the neurites. These ®ndings suggest that intrinsic segmental identity regulates whether these
motoneurons live or die when exposed to a steroid hormone during development. q 1997 Academic Press
INTRODUCTION ultimately from an autonomous program of self-destruction
undertaken by the dying cell (White and Steller, 1995).
Among the many extrinsic factors that regulate pro-The nervous systems of many animals, including arthro-
grammed cell death are steroid hormones, as illustrated bypods and vertebrates, are organized in repeating units along
the development of sexually dimorphic neural populationsthe anterior±posterior body axis. This organization is mani-
in vertebrates (Breedlove, 1992; Mills and Sengelaub, 1993;fested by segmental patterns of gene expression and the
Nordeen et al., 1985) and the elimination of outmoded neu-development of segmented structures (Akam et al., 1994;
rons during insect metamorphosis (see below; Truman etKeynes and Krumlauf, 1994; Lawrence and Morata, 1994;
al., 1992). Steroid hormones typically have access to all cellsWilkinson, 1995). In some instances, neurons and other cell
in an organism via the circulatory system, yet the responsestypes acquire intrinsic segmental identities that regulate
of individual cells can be remarkably speci®c. An importantparticular aspects of their development, even if normal cues
issue relevant to the development of both vertebrate andfrom the environment are missing (Shankland and Martin-
invertebrate nervous systems is how segmental identity anddale, 1992). One phenotype often expressed during segmen-
steroid responsiveness interact to regulate neuronal pheno-tal specialization of the nervous system is programmed cell
type, including the expression of programmed cell death.death, which sculpts the ®nal number of neurons to match
During metamorphosis, the insect nervous system under-the functional requirements of the body segment (Bate et
goes a hormonally mediated reorganization that includesal., 1981; Jeffs et al., 1992; Thompson and Siegler, 1993).
dendritic and axonal remodeling, the generation of new neu-Programmed cell death is a widespread developmental phe-
rons, and programmed cell death of outmoded neurons (Le-nomenon that can be triggered by extrinsic cues, but results
vine et al., 1995; Weeks and Levine, 1992). Programmed
cell death in the hawkmoth, Manduca sexta, has been best
characterized in abdominal motoneurons. These motoneu-1 Current Address: Department of Biological Structure, Univer-
sity of Washington, Seattle, WA 98195-7420. rons undergo two waves of death: one following entry into
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the pupal stage and one following emergence of the adult pattern of the APRs' responses to the prepupal peak have
been uniformly negative. Cues from the target muscle havemoth, paralleling the progressive simpli®cation of the ab-
dominal musculature (Giebultowicz and Truman, 1984; been ruled out by observations that the segmental pattern
of APRM degeneration at pupation does not match the seg-Levine and Truman, 1985; Taylor and Truman, 1974; Tru-
man, 1983; Weeks and Truman, 1985). Metamorphic mental pattern of APR death, and ablation of APRMs does
not in¯uence which APRs live or die (Lubischer and Weeks,changes in the Manduca nervous system, including pro-
grammed cell death, are regulated by juvenile hormone (JH) 1996; Sandstrom, 1993). Likewise, deafferentation of APRs
by amputating the proleg or severing the proleg sensoryand ecdysteroids [ecdysone and its biologically active hy-
droxylation product, 20-hydroxyecdysone (20-HE)]. Speci®c nerve (to eliminate a major source of monosynaptic excit-
atory input to APRs), or neural isolation of individual gan-changes in the circulating levels of these hormones trigger
the two waves of motoneuron death (see below; Bennett glia by severing the adjacent interganglionic connectives,
do not alter the segment-speci®c pattern of APR death (Lu-and Truman, 1985; Truman and Schwartz, 1984; Weeks,
1987; Weeks and Truman, 1985, 1986; Weeks et al., 1992). bischer and Weeks, 1996; Weeks and Davidson, 1994).
These observations suggested that each APR may respondAmong motoneurons that die after pupation, the best-
studied are those that innervate larval proleg muscles. The directly to the prepupal peak of ecdysteroids, with the moto-
neuron's segmental identity determining whether the deathprolegs are locomotory appendages located on abdominal
segments three through six (A3±A6) and the terminal ab- program is initiated. Most Manduca motoneurons, includ-
ing the APRs, express ecdysteroid receptors (EcRs) duringdominal segment (Fig. 1). The musculature of each proleg
in segments A3±A6 includes the accessory planta retractor the prepupal peak (J. Ewer and J. C. Weeks, unpublished
results; Fahrbach, 1992; Truman et al., 1994), consistentmuscle (APRM), which is innervated by two accessory
planta retractor (APR) motoneurons located in the ganglion with the possibility of direct hormone action. A powerful
technique for testing whether the expression of a particularof the same segment (Sandstrom and Weeks, 1996; Weeks
and Truman, 1984). During the larval stage, APR homologs phenotype is cell autonomous is to place the cells of interest
in a different environment by the use of transplantation orin segments A3±A6 [termed APR(3), APR(4), etc.] are indis-
tinguishable by many electrophysiological and morphologi- cell culture. The hypothesis that ecdysteroids act directly
on APRs to trigger a cell-autonomous, segment-speci®c pat-cal criteria, and their behavioral roles are well characterized
(Sandstrom, 1993; Sandstrom and Weeks, 1996; Streichert tern of programmed cell death was tested in the present
experiments by removing APRs from the nervous systemand Weeks, 1995; Weeks and Jacobs, 1987; Weeks and Tru-
man, 1984). In contrast to their similarities during the larval and exposing them to 20-HE in vitro. APRs exhibited the
same segment-speci®c pattern of programmed cell death instage, APR homologs in different segments exhibit mark-
edly different fates at pupation: the APR(3)s and APR(4)s vitro as in vivo, supporting this hypothesis. Some of these
results appeared previously in an abstract (Streichert andsurvive and are respeci®ed for new functions, while the
APR(5)s and APR(6)s undergo programmed cell death (Lu- Weeks, 1994).
bischer et al., 1995; Sandstrom, 1993; Weeks and Ernst-
Utzschneider, 1989; Weeks et al., 1992). The death of
APR(5)s and APR(6)s occurs within 48 hr after entry into MATERIALS AND METHODS
the pupal stage.
Previous studies have investigated the hormonal cues for Experimental Animals
APR death and possible causes of the segment-speci®c pat-
M. sexta larvae were reared on arti®cial diet (modi®ed from Belltern by which APRs die. After entry into the ®nal larval
and Joachim, 1976) in a colony maintained on a 17 hr light, 7 hrinstar, JH levels drop, followed by a small elevation of ecdy-
dark photoperiod and a 27:257C temperature cycle. Larvae weresteroids in the absence of JH (the commitment pulse; Fig.
staged by characteristic developmental events (Fig. 1) and anesthe-1). The commitment pulse acts as a developmental switch
tized in CO2 gas or by chilling on ice before dye injections or dissec-that commits cells to express pupal phenotypes during the tions.
subsequent prepupal peak of ecdysteroids, which triggers
the larval±pupal molt (Bollenbacher, 1988; Riddiford, 1985).
The prepupal peak of ecdysteroids also triggers the death of Labeling of APR Motoneurons
proleg motoneurons, as shown by experimental manipula-
APRs were retrogradely labeled in situ by application of the lipo-tions of hormone levels (Weeks, 1987; Weeks and Truman,
philic carbocyanine dyes, DiI or DiA (Molecular Probes), to APRMs1985, 1986; Weeks et al., 1992). For example, elimination
of intermolt 4th instar larvae (Fig. 1). APRM, which runs dorsoven-of the prepupal peak prevents the death of APR(5)s and
trally from the body wall adjacent to the spiracle (respiratory open-
APR(6)s, and reinstatement of the prepupal peak by infusing ing) to the lateral wall of the proleg, is an external muscle that lies
20-HE into the hemolymph (blood) triggers the death of immediately beneath the body wall (Weeks and Ernst-Utz-
APR(5)s and APR(6)s (Weeks et al., 1992). In either case, the schneider, 1989; Weeks and Truman, 1984). Approximately 5 ml of
APR(3)s and APR(4)s survive. Tests of the possible role of DiI or DiA (10 mg/ml in petroleum jelly) was injected into the
space between APRM and the body wall, using a Hamilton syringe.interactions with other cells in regulating the segmental
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Injection of dye into this region minimized potential contact with Assessment of APR Survival
other muscles. For singly cultured APRs (see Results), DiI was in-
Cultured APRs were viewed under a Zeiss Axiovert invertedjected bilaterally in segments A4 and/or A6. For cocultures of two
microscope equipped with epi¯uorescence optics. APRs were pho-APRs from the same larva, DiA was injected bilaterally in segment
tographed under epi¯uorescence and phase contrast optics on DayA4 and DiI was injected bilaterally in segment A6. On Day W0 (5
0 and under phase contrast optics at approximately 3-day intervalsto 7 days postinjection; Fig. 1) ganglia from injected segments were
for at least 20 days, unless an APR was scored as dead (see Results)removed in ®lter-sterilized physiological saline (in mM: NaCl, 140;
before this time. APRs were readily reidenti®able on subsequentKCl, 5; CaCl2, 4; glucose, 28; Hepes, 5; pH 7.4; Trimmer and Weeks,
days in vitro by their individual morphologies and patterns of neu-1989). The ganglia were then placed in serum-free, hormone-free
rite outgrowth. Reidenti®cation was facilitated by the low densitycontrol culture medium [modi®ed Leibovitz's L15 (Gibco); Prugh
of cells in each dish. Brief ¯uorescent illumination to visualize theet al., 1992], desheathed without enzymatic pretreatment, mounted
DiI or DiA label was used only as needed to recon®rm APR identity.in control culture medium between coverslips, and examined under
No deleterious effects have been reported for long-term labeling ofepi¯uorescent illumination for labeled APRs. APRs are the only
Manduca motoneurons with carbocyanine dyes (Kent and Levine,proleg motoneurons with cell bodies on the ventral surface of the
1988; Prugh et al., 1992) and we likewise observed no ill effects.ganglion and hence can be identi®ed unambiguously by soma loca-
APRs were scored as dead by speci®c morphological criteria (seetion (Weeks and Davidson, 1994; Weeks and Truman, 1984). La-
Results). The speci®city of APR death was veri®ed by the presencebeled APRs exhibited punctate, cytoplasmic ¯uorescence under
of other live cells in each dish. For each cultured APR included inrhodamine (for DiI) or ¯uorescein (for DiA) optics (Figs. 2, 3, and
this paper (n  87), the series of photographs taken during the5). The cytoplasmic location of the label has been reported pre-
culture period was coded and scored blindly and independently byviously for other Manduca motoneurons labeled by this technique
two to six observers. The presence of contact with other cells was(Prugh et al., 1992). Two APRs innervate each APRM (Sandstrom
also scored in each photographic series.and Weeks, 1996), so as many as four APRs were labeled per gan-
The viability of some APRs was examined at the end of theglion (Fig. 2). Other motoneurons that innervate internal muscles
culture period by staining with Trypan blue (Sigma), which is ex-near APRM have cell bodies on the dorsal surface of the ganglion
cluded from living cells, or MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-(Levine and Truman, 1985; Weeks and Truman, 1984). Infre-
diphenyltetrazolium bromide; Sigma), a positive marker of mito-quently, these motoneurons were labeled, in which case they were
chondrial dehydrogenase activity in living cells. For Trypan blueexcised before the ganglion was dissociated.
staining, the culture medium was replaced with 0.4% Trypan blue
in physiological saline for 10 min, followed by repeated saline
rinses. The presence of positive blue staining of the cell body (or
its fragmented remnants) indicated cell death. For MTT staining,
Culture Procedures cells were incubated in 0.125 mg/ml MTT in culture medium for
40 min and examined for dark purple reaction product, indicating
Methods for culturing APRs were adapted from those used pre- cell viability. Both types of staining were performed at room tem-
viously to culture Manduca interneurons (Hayashi and Hildebrand, perature (24±267C).
1990) and thoracic motoneurons (Prugh et al., 1992). Ganglia con-
taining labeled APRs were treated with 1 mg/ml collagenase
(Sigma) and 4 mg/ml dispase (Boehringer-Mannheim) in Ca2/-free Statistical Analyses
and Mg2/-free Hanks' balanced salt solution (30±60 min, 23±267C),
All statistical comparisons were by x2 analysis (BMDP Statisticalrinsed twice in control culture medium, and dissociated by tritura-
Software, Inc., Los Angeles, CA).tion using ®ne tungsten needles and a ®re-polished micropipet tip.
In experiments with one APR per culture dish, a single DiI-labeled
APR was transferred to a drop of control medium in a glass-bot-
tomed well in a UV-sterilized, 35-mm plastic petri dish coated with RESULTS
concanavilin A (Sigma) and laminin (Gibco; Prugh et al., 1992).
A small number (20) of additional, unidenti®ed cells were also Effect of 20-HE on the Survival of Singly Cultured
transferred to the dish. The same procedures were used for cocul- APR(4)s and APR(6)s
tured APRs (see Results), except that each culture dish contained
To test the hypothesis that 20-HE triggers a cell-autono-one DiA-labeled APR(4) and one DiI-labeled APR(6) which had been
removed from the same larva. A small number of additional cells mous, segment-speci®c pattern of APR death, we placed
from the two ganglia were also added. Covered culture dishes were APR(4)s and APR(6)s in culture and examined their re-
placed within larger, covered petri dishes, each containing a small sponses to 20-HE. The APR(4)s and APR(6)s survive and die,
open dish of dH2O to maintain humidity. The cultures were kept respectively, after pupation, and APRMs degenerate in both
in a 267C incubator with ambient air. After 1 day, the culture dishes segments (Sandstrom, 1993; Weeks and Ernst-Utzschneider,
were ¯ooded with 2 ml of control medium. APRs that adhered to 1989). Figure 1 summarizes the experimental protocol for
the substratum and extended one or more neurites within 3 to 7
singly cultured APRs. APR(4)s and APR(6)s were retro-days after being placed in culture were accepted for the study, and
gradely labeled in situ with the ¯uorescent marker, DiI (seethe culture dish was treated with medium containing 1 or 10 mg/
Materials and Methods). On Day W0, following the commit-ml 20-HE (Sigma), or control medium containing no hormone. The
ment pulse but prior to the prepupal peak, ganglia fromday of this medium change was designated Experimental Day 0 (Fig.
segments A4 or A6 were removed and examined for labeled1). Half the medium was exchanged twice weekly with medium of
the same composition. APRs (Fig. 2). Ganglia that contained DiI-labeled APRs were
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FIG. 1. Experimental protocol for singly cultured APRs. A timeline of development is shown, spanning the 4th larval instar to early
pupal stage. Days of development are numbered relative to the following developmental events: L0, day of entry into the 5th larval instar;
W0, day of onset of wandering behavior (marked by pigmentation changes and gut purge); P0, day of entry into the pupal stage. Other
days are numbered with respect to these events. The relative levels of ecdysteroids and juvenile hormone (JH) are shown, and the
commitment pulse and prepupal peak of ecdysteroids are indicated (hormone titers redrawn from Riddiford and Truman, 1994). The value
for the maximum 20-HE concentration in the hemolymph during the prepupal peak is from Bollenbacher et al. (1981). The protocol for
singly cultured APRs is summarized beneath the timeline. See text for details.
dissociated and one DiI-labeled APR(4) or APR(6), along dium containing no 20-HE. These concentrations of 20-HE
bracket endogenous levels during the prepupal peak (Fig. 1).with a small number of additional cells, was placed in each
culture dish in hormone-free, serum-free control medium The same hormonal conditions were maintained for the
remainder of the culture period (which was 20 days, unless(see Materials and Methods). Because the dissociation pro-
cedure eliminated neuronal processes, each APR had only an APR died earlier; see below).
Live and dead APRs were easily distinguished by obviousa cell body and, in some cases, a short length of primary
neurite when placed in culture. The DiI label persisted for morphological criteria. The cell bodies of live APRs were
ovoid and ¯attened and adhered ®rmly to the substratumthe entire culture period.
APRs that adhered to the substratum and initiated pro- (Figs. 3A, 3B, and 5A). The cell bodies were continuous with
the neurites, which were ¯attened, extensively branched,cess outgrowth within 3 to 7 days after being placed in
culture entered the study. This waiting period eliminated and continued to undergo morphological remodeling
throughout the culture period. The transformation fromAPRs that were damaged during dissociation and ensured
that APRs in the study were viable and hence more likely live to dead was characterized by a profound loss of cellular
integrity (Figs. 3C and 5B). The neurites fragmented andto exhibit physiologically appropriate responses. Similar
proportions of APR(4)s and APR(6)s met these acceptance became discontinuous with each other and the cell body
(Fig. 3C, Days 4 and 7). Concomitantly, the cell body eithercriteria (see below). On the day that an APR entered the
study (Day 0; Fig. 1), the culture dish was treated with me- fragmented (Fig. 3C, Day 7) or rounded up into a spherical
shape that was poorly attached to the substratum (Fig. 5B,dium containing 1 or 10 mg/ml 20-HE or with control me-
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through Day 20, regardless of whether they were cultured
with or without 20-HE. The proportion of surviving
APR(4)s did not differ signi®cantly among the three treat-
ment groups (P  0.05).
In contrast, the proportion of surviving APR(6)s did differ
signi®cantly among the three treatment groups (P  0.01).
Nearly all APR(6)s cultured without 20-HE survived, as il-
lustrated by the cell shown in Fig. 3B. This APR(6) was still
alive on Day 26, at which time its cell body and neurites
were intact and remodeling of neuritic processes was still
ongoing. Neuritic growth in APR(6)s cultured without 20-
HE appeared similar to that of APR(4)s cultured with or
without 20-HE. As shown in Fig. 4, the survival of APR(6)s
did not differ signi®cantly from the survival of APR(4)s
when cultured in the absence of 20-HE (P  0.05). Treat-
ment with 20-HE, however, caused APR(6)s to die. Figure
3C illustrates the death of an APR(6) cultured in 1 mg/ml
20-HE. On Day 2, the cell was alive. By Day 4 its neurites
had begun to fragment, and by Day 7 the cell body had also
undergone complete fragmentation. As in all cases in which
an APR was scored as dead, other cells in the same culture
dish were still alive (not shown). Figure 4 shows that, in
both the 1 and 10 mg/ml 20-HE treatment groups, the pro-
portion of surviving APR(4)s and APR(6)s differed signi®-FIG. 2. Labeled APRs in situ. Four APR(6)s (arrows) labeled with
cantly (P  0.002).DiI are shown in a living ganglion on Day W0, prior to dissociation.
In summary, 20-HE evoked the same segment-speci®cThe DiI label consisted of bright, punctate ¯uorescence in the so-
matic cytoplasm. Background ¯uorescence in connective tissue pattern of APR death in vitro as seen in vivo: APR(4)s sur-
around the periphery of the ganglion is also apparent. Anterior is vived in the presence or absence of 20-HE, whereas APR(6)s
up. Scale bar  100 mm. survived in the absence of 20-HE but died when exposed to
physiological levels of 20-HE.
Effect of 20-HE on the Survival of CoculturedDay 20). Because of our acceptance criteria (see above),
APR(4)s and APR(6)s100% of APR(4)s and APR(6)s were alive when they entered
the study on Day 0. An APR was scored as dead when the Two sources of uncontrolled variability in the previous
experiments were that APRs were removed from differentfollowing two morphological criteria were met: (1) the neu-
rites were fragmented and (2) the soma was either frag- larvae and cultured in different dishes. Although these fac-
tors were unlikely to account for the segmental speci®citymented or rounded up. The speci®city of APR death was
veri®ed by the presence of other live cells in each dish. In with which 20-HE triggered APR death, we performed an-
other set of experiments that eliminated both sources ofsome instances, APRs were stained at the end of the culture
period with either Trypan blue or MTT, which are markers variability. The same protocol shown in Fig. 1 was followed,
with the following modi®cations. In individual larvae, theof cell viability (see Materials and Methods). These stains
con®rmed the scoring of APRs as dead or alive by the above APR(4)s were labeled with DiA while the APR(6)s were la-
beled with DiI. This labeling technique permitted the twomorphological criteria (data not shown). A more recent
study has likewise con®rmed these morphological criteria APRs to be unequivocally distinguished throughout the cul-
ture period. On Day W0, cocultures were prepared in whichfor APR death by the use of additional staining methods
(Hoffman and Weeks, 1996 and unpublished results). one APR(4) and one APR(6) from the same larva were placed
in the same dish. When both APRs met the acceptanceFigure 3 shows representative APRs from different 20-
HE treatment groups, and Fig. 4 summarizes the ®ndings. criteria and a culture entered the study (Day 0), it was
treated with 10 mg/ml 20-HE for the remainder of the cul-Figure 3A shows an APR(4) cultured in 1 mg/ml 20-HE.
This APR(4) underwent substantial neuritic growth dur- ture period.
Figure 5 shows a representative coculture. On Day 0, theing the culture period and was still alive on Day 21, as
indicated by the above morphological criteria including distinguishing ¯uorescent labels of the two APRs are
shown. On Day 6, both APRs were alive and active growthintact cell body and neurites. Conspicuous lamellipodia,
indicating active growth, were apparent on each day cones were apparent at the distal tips of growing neurites.
However, by Day 20, the APR(6) had died (note rounded-upshown. Figure 4 shows that nearly all APR(4)s survived
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A. APR(4), 1m g/ml 20-HE
B. APR(6), no 20-HE
C. APR(6), 1m g/ml 20-HE
FIG. 3. Effects of 20-HE on singly cultured APRs. Photomicrographic series of singly cultured APRs from the indicated segment and hormonal
condition are shown. Experimental day is indicated in each panel. (A) APR(4) treated with 1 mg/ml 20-HE. (B) APR(6) cultured without 20-HE.
(C) APR(6) treated with 1 mg/ml 20-HE; the inset shows DiI labeling of the same APR. The APR(4) in 1 mg/ml 20-HE (A) and the APR(6)
cultured without 20-HE (B) survived more than 20 days. The APR(6) in 1 mg/ml 20-HE (C) was dead by Day 7, as indicated by fragmented
neurites and cell body. Note in A and B that, over the culture period, some neurites ceased growth and took on a ``beaded'' appearance while
other neurites continued active growth. This beaded appearance, which was characteristic of neuritic remodeling, was quite distinct from
fragmentation (e.g., C, Days 4 and 7). Scale bar  50 mm except Days 9 and 21 in A, where bar  75 mm.
cell body and fragmented neurites), whereas the APR(4) was difference in the survival of cocultured APR(4)s and APR(6)s
was signi®cant (P  0.002). Thus, APRs isolated from thestill alive. The same result was obtained in each of ®ve
cocultures: the APR(4) survived while the APR(6) died. This same donor animal, differing only in segment of origin, ex-
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the mean time from the addition of 20-HE on Day 0 to the
death of APR(6)s was 12.4{ 3.2 (SD) days (n 24; combined
data from singly cultured and cocultured APRs). The mean
time to death was similar in the 1 and 10 mg/ml 20-HE
groups. Thus, the interval from the onset of hormone expo-
sure to the time at which an APR(6) was scored as dead was
approximately twice as long in culture as in vivo.
Role of Contact
In all experiments each culture dish contained fewer than
20 cells. Some APRs remained physically isolated from
other cells while other APRs had contact with one or more
cells of unknown identity. No APR(4)s and APR(6)s con-FIG. 4. Segment-speci®c death of singly cultured APRs in re-
tacted each other in cocultures. Because the presence orsponse to 20-HE. The percentage of APRs alive on Day 20 is shown
absence of contact could potentially in¯uence the responsesby segment and hormone treatment (n above each bar). The propor-
of APRs to 20-HE, we scored the incidence of contacts.tion of surviving APR(4)s did not differ signi®cantly among the
Table 1 presents the number of APRs with or without con-three hormone treatment groups (0, 1, or 10 mg/ml 20-HE), whereas
the survival of APR(6)s did. Comparison of APR(4)s and APR(6)s tact and indicates whether APRs in these two categories
showed no signi®cant difference in survival between the two no- were alive or dead at the end of the culture period. In total,
hormone groups. In contrast, the proportion of surviving APR(4)s 45% of the APRs (39 of 87; combined data from singly cul-
and APR(6)s did differ signi®cantly in both the 1 and 10 mg/ml 20- tured and cocultured APRs) showed contact with another
HE groups (*). See text for details. cell during the culture period. However, the proportion of
APRs with contact did not differ signi®cantly among the
six experimental groups shown in Table 1 (P  0.05), so
this factor could not explain the observed effects of 20-HEhibited different responses when exposed to an identical
on APR survival. The lack of relationship between cell con-hormonal environment in culture.
tact and APR survival is underscored by speci®c examples.
For example, among the 23 APR(6)s that died in the 1 andProportion of APRs Meeting Acceptance Criteria
10 mg/ml 20-HE treatment groups, 12 had contact and 11
As described above, acceptance criteria were used to en- did not. Likewise, of the 11 APR(6)s in the 1 and 10 mg/ml
sure that APRs that entered the study were viable. Because 20-HE groups that survived, 4 had contact and 7 did not.
previous studies found no segmental differences among Of the 41 of 43 APR(4)s that survived, 17 had contact and
APRs on Day W0 (Sandstrom, 1993; Streichert and Weeks, 24 did not. Thus, segment of origin and exposure to 20-
1995; Weeks et al., 1992), and all APRs were treated identi- HE were the key determinants of APR survival rather than
cally during culturing procedures, we expected that similar whether cell contact occurred.
proportions of APR(4)s and APR(6)s would meet the criteria. As a speci®c test of the hypothesis that 20-HE acts di-
This expectation was borne out. The percentage of singly rectly on APRs to trigger segment-speci®c death, we exam-
cultured APRs that met acceptance criteria was 41% (45 ined the effect of 20-HE treatment on the survival of the
of 109) for APR(4)s and 31% (49 of 159) for APR(6)s. For subset of 48 APRs that had no contact during the culture
cocultured APRs, these percentages were 67% (12 of 18) for period (Table 1). In this group, the proportions of surviving
APR(4)s and 58% (11 of 19) for APR(6)s. In both cases, the APR(4)s and APR(6)s cultured without 20-HE did not differ
proportions of APR(4)s and APR(6)s that met the acceptance signi®cantly (P  0.05). In contrast, in the presence of 1 or
criteria did not differ signi®cantly (P  0.05). The percent- 10 mg/ml 20-HE, the proportions of surviving APR(4)s and
age of accepted APRs was higher for cocultures than single APR(6)s were signi®cantly different (P  0.02). Thus, even
cultures, re¯ecting improvements in culturing techniques in the absence of contact with other cells, APRs showed
over the course of this study. The number of APRs that the correct segment-speci®c pattern of programmed cell
passed acceptance criteria was greater than the ®nal number death in response to 20-HE.
for which data are reported due to factors such as occasional
loss of cultures from contamination and the elimination of
some cocultures when only one APR of the pair met the DISCUSSION
acceptance criteria.
Segment-Speci®c Death of APRs Is Triggered
Directly by 20-HE in VitroTime to Death
In vivo, 5 days separate the onset of the prepupal peak This study provides compelling evidence for the hypothe-
sis that ecdysteroids act directly on APRs to trigger a cell-and the death of APR(6)s (Weeks et al., 1992). In culture,
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A. APR(4) B. APR(6)
FIG. 5. Effects of 20-HE on cocultured APRs. Photomicrographic series show an APR(4) (A) and an APR(6) (B) removed from a single
larva and cocultured in a dish treated with 10 mg/ml 20-HE beginning on Day 0. Experimental day is indicated in each panel. Fluorescent
DiA labeling of APR(4) (A) and DiI labeling of APR(6) (B) are shown on Day 0. APR somata are marked by arrows on Days 6 and 20. The
APR(4) remained alive through Day 20, whereas the APR(6) was dead by Day 20 (indicated by fragmented neurites and rounded-up cell
body). This APR(6) was ®rst scored dead on Day 9 (not shown). Note that the most distal neurite in A initially extended (Day 6) but then
became beaded as a more proximal branch extended (Day 20). Scale bar: Day 0, 50 mm; other days, 200 mm.
autonomous, segment-speci®c pattern of programmed cell when removed from the nervous system and exposed to 20-
HE in vitro. When the prepupal peak is prevented in vivo,death. APR homologs in larval abdominal segments A3±A6
are indistinguishable by a number of criteria (Sandstrom, the APR(6)s survive (Weeks et al., 1992) and, similarly,
APR(6)s cultured in the absence of 20-HE survived (Fig. 4).1993; Streichert and Weeks, 1995), yet show strikingly dif-
ferent responses to the hormonal environment of pupation: Treatment with physiological levels of 20-HE that bracket
the hemolymph concentration of 20-HE during the prepupalthe prepupal peak of ecdysteroids triggers the death of
APR(5)s and APR(6)s while APR(3)s and APR(4)s survive peak (Fig. 1) caused a signi®cant proportion of APR(6)s to
die. The ability of 20-HE to trigger the death of APR(6)sand are respeci®ed for new functional roles. The present
experiments demonstrate that APRs continue to express the could not be explained by nonspeci®c toxic effects of the
hormone because other cells in each dish remained alivecorrect segment-speci®c pattern of programmed cell death
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TABLE 1 Prugh et al. (1992) have shown that JH blocks the ability of
Comparison of Cell Contact and APR Survivala 20-HE to promote neurite outgrowth in cultured Manduca
thoracic leg motoneurons, just as it does in vivo (Truman
APRs with APRs without and Reiss, 1988).
contact contact Two aspects of the 20-HE exposure in vitro differed from20-HE
the in vivo conditions, but could not account for the seg-(mg/ml) nb Alive Dead Alive Dead
mental speci®city of APR responses. First, after APRs were
APR(4) 0 10 3 1 6 0 placed in culture on Day W0, there was a 3- to 7-day hor-
1 13 6 0 7 0 mone-free period before they were treated with 20-HE. This
10 20 8 0 11 1 protocol delayed the onset of 20-HE exposure relative to the
APR(6) 0 10 5 0 4 1 normal onset of the prepupal peak on Day W1 (Fig. 1). A
1 17 4 3 4 6
previous study showed that, following exposure to the com-10 17 0 9 3 5
mitment pulse, proleg motoneurons retain the ability to
a Whether or not an APR had contact with other cells during the express pupal phenotypes in vivo when the prepupal 20-HE
culture period was scored (see Materials and Methods) for each APR exposure is delayed by 4 days (Weeks and Truman, 1985).
in the different treatment groups. The table shows the number of The present results con®rm this ®nding in vitro. Another
APRs with or without contact that were alive or dead at the end difference between culture conditions and the in vivo situa-
of the culture period. See text for details. tion was that APRs were cultured in a constant 20-HE con-b Number of APRs. Data combined from singly cultured and co- centration for an extended period of time and did not experi-
cultured APRs.
ence the normal decline in 20-HE levels at the end of the
prepupal peak (Fig. 1). A decline in ecdysteroid levels is
required for some developmental events (Ashburner and
Richards, 1976; Woodard et al., 1994; Truman andand, furthermore, APR(4)s exposed to the same 20-HE treat-
ments survived (Fig. 4), just as they do in vivo (Weeks et Schwartz, 1984), but prevention of the falling phase of the
prepupal peak in vivo by infusing 20-HE into the hemo-al., 1992). The most striking demonstration of the selective
effect of 20-HE in inducing APR death was provided by lymph does not prevent the death of proleg motoneurons
(Weeks and Truman, 1985). Thus, both in vivo and in vitrococultures in which the hormone triggered the death of
APR(6)s but not APR(4)s taken from the same donor larva experiments indicate that the rising phase of the prepupal
peak of ecdysteroids triggers the death of APR(5)s and(Fig. 5). The present experiments utilized only APR(4)s and
APR(6)s, which are representative of the subsets of APRs APR(6)s and that the decline is not required. At adult emer-
gence, the death of a group of Manduca abdominal moto-that survive and die, respectively, at pupation: we assume
that APRs from other segments would express their seg- neurons that innervate intersegmental muscles is triggered
by an ecdysteroid decline (Truman and Schwartz, 1984).ment-speci®c responses to 20-HE in culture, as well. Previ-
ous studies have similarly demonstrated the speci®city of Although the hormonal trigger for the death of APR(3)s and
APR(4)s at emergence has not been tested directly, it is20-HE action in promoting neurite outgrowth of cultured
Manduca thoracic leg motoneurons, which mimics the likely to be the same as for the other motoneurons. If this
is the case, then different aspects of the 20-HE pro®leÐastage- and cell-speci®city of 20-HE effects in vivo (Prugh et
al., 1992; Witten and Levine, 1991). rise in 20-HE at pupation and a fall in 20-HE at emergenceÐ
trigger the death of APR homologs in different segments.All APRs examined in this study were removed from lar-
vae on Day W0, following the commitment pulse of ecdy- As discussed elsewhere (Weeks and Levine, 1992), the re-
sponse of a cell to a particular hormonal event during meta-steroids and prior to the prepupal peak (Fig. 1). The relative
roles of the commitment pulse and prepupal peak in regulat- morphosis depends critically on the cell's past history of
hormonal exposure. In the case of the APRs, segmentaling the expression of pupal phenotypes in proleg motoneu-
rons have been identi®ed by manipulating hormone levels identity further re®nes the speci®city of the response. One
of the key questions raised by these experiments is howexperimentally (Weeks and Truman, 1985, 1986; Weeks,
1987; Weeks et al., 1992). Treatment with JH during the segmental identity regulates the interpretation of hormonal
events such that the death program is activated in APRcommitment pulse prevents expression of pupal phenotypes
during the prepupal peak, whereas treatment with JH during homologs in different segments at different developmental
times.the prepupal peak has no effect. The quantitative relation-
ship between the dose and time of 20-HE exposure, and the Most Manduca motoneurons express EcRs during the pre-
pupal peak (Fahrbach, 1992; Truman et al., 1994), includingef®cacy of the exposure in triggering the programmed cell
death of APRs, has also been determined (Weeks et al., the APRs in segments A3±A6 (J. Ewer and J. C. Weeks,
unpublished results). However, this observation is not, by1992). These in vivo studies have generated a number of
hypotheses about hormonal effects on neuronal phenotype itself, suf®cient to conclude that 20-HE triggers the death
of APR(6)s by a direct action. Previous experiments ruledin Manduca that now can be further tested in vitro at the
level of individual neurons. As an example of this approach, out interactions with muscles, sensory afferents and other
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ganglia as being necessary for the segment-speci®c pattern ing the onset of the prepupal peak (Fig. 1). The death of
APR(6)s in vivo is indicated by the loss of the ability to beof APR death (Lubischer and Weeks, 1996; Weeks and Da-
vidson, 1994), but it was still possible that 20-HE acted on stained retrogradely with cobalt chloride (Weeks et al.,
1992) and, when examined in situ on Day P2, the somataother cells (e.g., interneurons or glia in the same ganglion)
to trigger death indirectly through contact or a diffusible of DiI-labeled APR(6)s are shrunken and rounded up (Hoff-
man and Weeks, 1996 and unpublished results). The DiIfactor (e.g., Forger et al., 1992). However, the ®nding that
cultured APRs removed from their normal cellular environ- label subsequently becomes dispersed, presumably due to
fragmentation and glial engulfment of the dead APR(6)s.ment nevertheless exhibited the correct segment-speci®c
pattern of programmed cell death in response to 20-HE pro- Several factors may have contributed to the lengthened
time to death of cultured APR(6)s. First, cultured APRs werevides compelling evidence that 20-HE acts directly on APRs
and that this direct action is suf®cient to produce the char- photographed at approximately 3-day intervals, which in-
troduced delays between the time some APRs died andacteristic segment-speci®c pattern of death. In the low-den-
sity cultures used in this study, some APRs had contact when they were scored as dead. This factor would contrib-
ute, at most, approximately 3 days to the measured time towith other unidenti®ed cells but the presence or absence of
contact was unrelated to the responses of APRs to 20-HE death. Second, the criteria for death used in the studyÐ
fragmentation of the neurites and rounding-up or fragmen-(Table 1). Most strikingly, the subset of APRs that had no
contact for the entire culture period showed the correct tation of the somaÐare late morphological stages in pro-
grammed cell death. Studies of other neurons undergoingsegment-speci®c pattern of death. Because other cells were
present in the culture dishes we cannot exclude the possibil- programmed cell death have shown that breakdown of the
plasma membrane is a relatively late event that followsity of indirect in¯uences of 20-HE on APRs, but it seems
highly unlikely that the small number (20) of cells could other terminal events including condensation of the chro-
matin and DNA fragmentation (in vitro examples: Deck-have had a conditioning effect on the medium that affected
APR survival; the volume of the medium was 2 ml, of which werth and Johnson, 1993; Edwards and Tolkovsky, 1994).
Recent studies of cultured APR(6)s con®rm this sequencehalf was exchanged twice weekly with fresh medium. Fur-
thermore, cocultured APR(4)s and APR(6)s shared the dish of events (Hoffman and Weeks, 1996, and unpublished re-
sults), indicating that the measured latency to APR deathwith additional cells derived from both segments, yet ex-
pressed the correct segment-speci®c phenotypes. would have been shorter had an earlier marker of death been
chosen. A third factor relevant to the use of fragmentationThe most parsimonious interpretation of our results is
that 20-HE acts directly on APR(6)s via EcRs to trigger an as a death marker is the absence in culture of interactions
with other cells such as glia that might normally accelerateintrinsic cell death program. Although APR(4)s also have
EcRs during the prepupal peak, exposure to 20-HE does not the degradation process (Batistatou and Greene, 1991;
Thanos et al., 1993; Sonetti et al., 1994). Glial associationactivate the death program. Interestingly, APRs in all seg-
ments respond to the prepupal peak in vivo by undergoing with dying Manduca motoneurons in vivo has been re-
ported (Stocker et al., 1978). Finally, it is possible that bio-dendritic regression (Sandstrom, 1993; Streichert and
Weeks, 1995), but it is not known whether regression is a synthetic processes were slowed in culture. The cultures
were incubated at a temperature (267C) similar to that indirect or indirect response to 20-HE. 20-HE does appear to
act directly in promoting neurite outgrowth in cultured the Manduca colony (25±277C; see Materials and Methods),
but the culture medium or other aspects of the culture con-Manduca thoracic leg motoneurons (Prugh et al., 1992; Wit-
ten and Levine, 1991). It should be noted that more complex ditions may have been suboptimal. Although the use of
fragmentation as a marker of APR death increased the mea-scenarios could underlie the death of APR(6)s and survival
of APR(4)s at pupation. The molecular pathways for pro- sured time to death, it had several advantages for this initial
characterization of programmed cell death in vitro. In par-grammed cell death are subject to both positive and negative
regulation at multiple levels and it is possible, for example, ticular, fragmentation is an unambiguous, easily scored
phenotype that is apparent without the use of histologicalthat EcRs activate cell death pathways in both APR(4)s and
APR(6)s but concurrently trigger the synthesis of survival- stains (most of which terminate the culture). Characteriza-
tion of the programmed cell death of cultured APRs by thepromoting factors in APR(4)s that override the death-pro-
moting effect (see Steller, 1995). Further characterization of use of various histological markers of cell viability will be
described elsewhere (Hoffman and Weeks, 1996 and unpub-the molecular pathways involved in APR death would be
required to address this issue. lished results).
Molecular Mechanisms of Segmental Identity,Time Course of APR Death in Culture
Ecdysteroid Action, and Programmed Cell DeathIn this study, the mean time to death of APR(6)s following
addition of 20-HE to the culture medium was approximately The present experiments demonstrate that segmental
identity intrinsically regulates whether APR motoneurons12 days (see Results). In vivo, the death of APR(6)s is com-
plete by Day P2 (Weeks et al., 1992), which is 5 days follow- live or die when exposed to a developmentally appropriate
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ter. III. Consequences of ecdysone withdrawal. Dev. Biol. 54,steroid hormone signal. These ®ndings raise numerous
241±55.questions regarding the molecular mechanisms involved in
Bate, M., Goodman, C. S., and Spitzer, N. C. (1981). Embryonicsegmental identity, ecdysteroid action and programmed cell
development of identi®ed neurons: Segment-speci®c differencesdeath in this system. The expression of different EcR iso-
in the H cell homologues. J. Neurosci. 1, 103±106.forms is correlated with differences in cellular responses to
Batistatou, A., and Greene, L. A. (1991). Aurintricarboxylic acid
ecdysteroids (Truman et al., 1994; Robinow et al., 1993), rescues PC12 cells and sympathetic neurons from cell death
and it is possible that APRs from different segments express caused by NGF-deprivation: Correlation with suppression of en-
different EcR isoforms or differ in the regulation of events donuclease activity. J. Cell Biol. 115, 461±471.
downstream of hormone±receptor binding (see above; Bell, R. A., and Joachim, F. A. (1976). Techniques for rearing labora-
Thummel, 1995; Zelhof et al., 1995). Genes involved in tory colonies of tobacco hornworms and pink bollworms. Ann.
Entomol. Soc. Am. 69, 365 ±373.segmental patterning, such as homeotic genes (reviewed in
Bennett, K. L., and Truman, J. W. (1985). Steroid-dependent survivalCarroll, 1995) could regulate the ability of EcRs to activate
of identi®able neurons in cultured ganglia of the moth Manducathe molecular pathways for programmed cell death or, con-
sexta. Science 229, 58±60.versely, inhibit the expression of genes that promote neu-
Bollenbacher, W. E. (1988). The interendocrine regulation of larval±ronal survival (Evans-Storms and Cidlowski, 1995; White
pupal development in the tobacco hornworm, Manduca sexta:and Steller, 1995). Experiments performed in vivo have
A model. J. Insect Physiol. 34, 941±947.
shown that treatment with cycloheximide to inhibit pro- Bollenbacher, W. E., Smith, S. L., Goodman, W., and Gilbert, L. I.
tein synthesis blocks the death of APRs (Weeks et al., 1993) (1981). Ecdysteroid titer during larval±pupal±adult development
and other Manduca motoneurons (Fahrbach et al., 1993), of the tobacco hornworm, Manduca sexta. Gen. Comp. Endocri-
and recent experiments demonstrate that the death of nol. 44, 302±306.
APR(6)s in vitro is likewise blocked by cycloheximide treat- Breedlove, S. M. (1992). Sexual dimorphism in the vertebrate ner-
vous system. J. Neurosci. 12, 4133±4142.ment (K. L. Hoffman and J. C. Weeks, unpublished results).
Carroll, S. B. (1995). Homeotic genes and the evolution of arthro-Rapid progress is being made in identifying molecules in-
pods and chordates. Nature 376, 479±485.volved in programmed cell death pathways, many of which
Deckwerth, T. L., and Johnson, E. M., Jr. (1993). Temporal analysisare conserved in invertebrate and vertebrate animals (White
of events associated with programmed cell death (apoptosis) ofand Steller, 1995). The potential role of these molecules
sympathetic neurons deprived of nerve growth factor. J. Cell Biol.in the death of APRs remains to be investigated. Steroid
123, 1207±1222.
hormone receptors and homeotic genes are also remarkably Edwards, S. N., and Tolkovsky, A. M. (1994). Characterization of
conserved between invertebrates and vertebrates (Carroll, apoptosis in cultured rat sympathetic neurons after nerve growth
1995; Koelle et al., 1991) and their actions in the developing factor withdrawal. J. Cell Biol. 124, 537±546.
nervous system may share common features. The present Evans-Storms, R. B., and Cidlowski, J. A. (1995). Regulation of
study suggests that it will be feasible to investigate molecu- apoptosis by steroid hormones. J. Steroid Biochem. Mol. Biol. 53,
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